Mapping the number and distribution of Salmonella on poultry carcasses will help guide better design of processing procedures to reduce or eliminate this human pathogen from poultry. A selective plating media with multiple antibiotics (xylose-lysine agar medium [XL] containing N-(2-hydroxyethyl)piperazine-NЈ-(2-ethanesulfonic acid) and the antibiotics chloramphenicol, ampicillin, tetracycline, and streptomycin [XLH-CATS]) and a multiple-antibiotic-resistant strain (ATCC 700408) of Salmonella Typhimurium definitive phage type 104 (DT104) were used to develop an enumeration method for mapping the number and distribution of Salmonella Typhimurium DT104 on the carcasses of young chickens in the Cornish game hen class. The enumeration method was based on the concept that the time to detection by drop plating on XLH-CATS during incubation of whole chicken parts in buffered peptone water would be inversely related to the initial log number (N 0 ) of Salmonella Typhimurium DT104 on the chicken part. The sampling plan for mapping involved dividing the chicken into 12 parts, which ranged in average size from 36 to 80 g. To develop the enumeration method, whole parts were spot inoculated with 0 to 6 log Salmonella Typhimurium DT104, incubated in 300 ml of buffered peptone water, and detected on XLH-CATS by drop plating. An inverse relationship between detection time on XLH-CATS and N 0 was found (r ϭ Ϫ0.984). The standard curve was similar for the individual chicken parts and therefore, a single standard curve for all 12 chicken parts was developed. The final standard curve, which contained a 95% prediction interval for providing stochastic results for N 0 , had high goodness of fit (r 2 ϭ 0.968) and was N 0 (log) ϭ 7.78 Ϯ 0.61 Ϫ (0.995 ϫ detention time). Ninety-five percent of N 0 were within Ϯ0.61 log of the standard curve. The enumeration method and sampling plan will be used in future studies to map changes in the number and distribution of Salmonella on carcasses of young chickens fed the DT104 strain used in standard curve development and subjected to different processing procedures.
Mapping the number and distribution of Salmonella contamination on poultry carcasses is a high priority research area for the U.S. Department of Agriculture, Food Safety and Inspection Service, because it will allow better targeting of sampling for Salmonella detection, and it will allow better design of processing procedures to reduce or eliminate this human pathogen from poultry carcasses. However, there are no reports in the scientific literature demonstrating how to map the number and distribution of Salmonella on poultry carcasses. Therefore, the general objective of this study was to develop an approach for quantitative mapping of Salmonella contamination on poultry carcasses.
The approach taken was to divide carcasses of young chickens (28 days of age) in the Cornish game hen class into 12 parts as an initial sampling plan for future mapping studies. Cornish game hens were used because their small size allowed use of less isolation media and made it easier to develop mapping concepts, and because little informa-tion is available about the level of Salmonella contamination on this class of poultry.
The carcass rinse method coupled with the most-probable-number method is the most common approach used to enumerate Salmonella contamination on chicken carcasses. A limitation of the carcass rinse method is that it does not recover all bacteria, including Salmonella, from the chicken carcass (9, 11) and thus, is less sensitive at detecting Salmonella than is the whole-part incubation method (5, 16) . Chen et al. (4) demonstrated that the drop-plate method is a low-cost and simple direct-plating method for quantifying bacteria in culture media. Blackburn and Davies (3) reported that a selective agar medium (i.e., xylose-lysine) supplemented with antibiotics can be used to recover multiple-antibiotic-resistant (MAR) Salmonella by direct plating from food-sample incubations. These studies indicate that drop plating onto a selective agar medium with multiple antibiotics might be a cost-effective method for enumerating MAR Salmonella in whole-part incubations. Recently, a selective media (xylose-lysine agar medium [XL] containing N-(2-hydroxyethyl)piperazine-NЈ-(2-ethanesulfonic acid) [HEPES] and the antibiotics chloramphenicol, ampicillin, tetracycline, and streptomycin [XLH-CATS]) was developed for detection and enumeration of a MAR strain of Salmonella Typhimurium DT104 in chicken sam- ples, with other microorganisms (13, 14) . Therefore, the specific objective of this study was to develop a standard curve for enumerating Salmonella Typhimurium DT104 on Cornish game hen carcass parts by drop plating on XLH-CATS, for use in future mapping studies with MAR strains of Salmonella.
MATERIALS AND METHODS

Organism.
A MAR strain (ATCC 700408, American Type Culture Collection, Manassas, Va.) of Salmonella Typhimurium DT104 was used to develop the enumeration method. Stock cultures were maintained at Ϫ70ЊC in brain heart infusion (Difco, Becton Dickinson, Sparks, Md.) broth containing 15% (vol/vol) glycerol (Sigma, St. Louis, Mo.).
Chicken preparation.
Cornish game hen carcasses were purchased from local retail outlets and stored frozen until they were thawed in a domestic-type refrigerator. Thawed carcasses were processed into 12 parts (Table 1) , which were placed into individual 500-ml polycarbonate jars (Fisher Scientific, Hampton, N.H.). The carcasses (n ϭ 12) had an average weight of 618 g (range of 581 to 705 g).
Chicken part inoculation and incubation. Five microliters of stock culture was added to 5 ml of brain heart infusion broth in a 25-ml Erlenmeyer flask and sealed with a foam plug, which was followed by incubation at 30ЊC for 23 h and 150 rpm, before serial dilution to 10 Ϫ7 in buffered peptone water (BPW; Difco, Becton Dickinson). Chicken parts in polycarbonate jars were spot inoculated with 2 l (trials 7 to 12) or 5 l (trials 1 to 6) of the 10 Ϫ2 , 10 Ϫ3 , 10 Ϫ4 , 10 Ϫ5 , 10 Ϫ6 , or 10 Ϫ7 dilution of the 23-h culture for an initial dose (N 0 ) of 5.5 to 6 log, 4.5 to 5 log, 3.5 to 4 log, 2.5 to 3 log, 1.5 to 2 log, or 0.5 to 1 log, respectively. The amount of Salmonella inoculated was systematically rotated among the different types of chicken parts and trials, per the schedule shown in Table 1 .
Inoculated parts were held at room temperature for 15 min, which was followed by addition of 300 ml of BPW (40ЊC) and incubation for 24 h at 40ЊC, with gentle shaking at 100 rpm. At 1, 2, 3, 4, 5, 6, 7, 8, and 24 h of incubation, 2 l of BPW was removed and drop plated onto XL agar medium (Difco, Becton Dickinson) containing 25 mM HEPES and 25 g/ml of each of the following antibiotics: chloramphenicol, ampicillin, tetracycline, and streptomycin: XLH-CATS. All media supplements were from Sigma.
Enumeration method. The drop plates were incubated for a standard time (24 h) and temperature (38ЊC), and the image on the drop plate was captured using an automated digital colony counter (Protocol, Microbiology International, Frederick, Md.). The Paintbrush software program (version 5.0, Microsoft Corporation, Redmond, Wash.) was used to convert the captured image to a monochrome image. The pixels in each drop of the monochrome image were counted using Image J 1.34s software (Wayne Rasband, National Institutes of Health, Bethesda, Md.; available at: http://rsb.info.nih.gov/ij/). A graph for all 12 chicken parts within a trial was constructed by plotting the pixels per drop ( Y ) as a function of sampling time ( X ). The resulting density curves (n ϭ 12) were fit (version 4.0, Prism software, GraphPad, Inc., San Diego, Calif.) to the following sigmoid equation:
where bottom was fixed at zero pixels per drop, top was constrained to being shared among the 12 curves, and X 50 was the time (in hours) when the curve reached 50% of maximum, which was the detention time (DT; in hours). A standard curve for enumeration was generated by graphing the initial log number (N 0 ) of Salmonella Typhimurium DT104 as a function of DT and fitting (Prism software) the data to a linear equation:
where a was the y intercept, and b was the slope. The curve fit also generated a 95% prediction interval (PI) that provided stochastic projections for N 0 .
RESULTS
The threshold value of the drop-plate assay for detection of Salmonella Typhimurium DT104 was estimated by drop plating different dilutions of the inoculation culture onto XLH-CATS ( Fig. 1 ). Detectable growth on XLH-CATS after 24 h at 38ЊC was observed at an inoculation culture concentration of 10 3 /ml and above. At an inocula- tion culture concentration of 10 5 /ml and above, the growth within the drop was confluent, whereas at 10 3 and 10 4 /ml, growth within the drop was not confluent.
When chicken parts were inoculated with Salmonella Typhimurium DT104 and then incubated in BPW for 24 h at 40ЊC, the growth observed on drop plates went from no growth at 0 h to confluent growth at 24 h (Fig. 2) . The time at which growth on drop plates became confluent was inversely related to N 0 . For example, growth for N 0 ϭ 10 5.5 was confluent by 3 h of incubation (Fig. 2C ), whereas growth for N 0 ϭ 10 2.5 was not confluent until 6 h of incubation ( Fig. 2F) .
When the amount of growth within each drop was graphed as a function of time, the data fit well (r 2 ϭ 0.966 Ϯ 0.038 [mean Ϯ standard deviation], n ϭ 144) to a sigmoid equation (Fig. 3) . The time for the curve to reach 50% of maximum or the time for the drop to reach 50% of confluent growth was taken as DT. Based on results in Figure 1 , the density curves in Figure 3 can be interpreted as follows. The bottom phase of the density curves occurred when the level of Salmonella Typhimurium DT104 in BPW of the whole-part incubation was below 10 3 /ml, the top phase of the density curves occurred when the level of Salmonella Typhimurium DT104 in BPW of the whole-part incubation was 10 5 /ml or above, the exponential phase of the density curves occurred when the level of Salmonella Typhimurium DT104 in the whole-part incubation was between 10 3 and 10 5 /ml, and the DT or time when the density curve was 50% of the way between bottom and top occurred when the level of Salmonella Typhimurium DT104 in the whole part incubation was about 10 4 /ml.
When N 0 (log) was graphed as a function of DT, a linear standard curve was obtained (Fig. 4) . The standard curve, which included a 95% PI and had high goodness of fit (R 2 ϭ 0.968), was as follows: N 0 ϭ 7.78 Ϯ 0.61 Ϫ (0.995 ϫ DT). The 95% PI indicated that 95% of the values of N 0 were within Ϯ0.61 log of the standard curve. The correlation (r) between N 0 and DT was Ϫ0.984.
The method provides stochastic results for N 0 by using the 95% PI to calculate lower and upper bounds of the standard curve ( Table 2 ). The range of the assay is 0 to 6 log per chicken part and, therefore, a calculated N 0 above 6 log is reported as Ͼ6 log. The results in Table 2 are a subset of the results presented in Figure 4 .
The y intercept and slope of the standard curve was similar among individual chicken parts with coefficients of variation of 3.2% for the y-intercept and 5.1% for the slope ( Table 3 ). The 95% PI had a higher coefficient of variation of 19.2% among individual chicken parts. The average 95% PI for individual parts was Ϯ0.90 log (range of Ϯ0.62 to 1.21 log) as compared with Ϯ0.61 log for the combined data (Fig. 4) . The average R 2 (0.972) and r (Ϫ0.986) values for the standard curves for individual parts were similar to those for the final standard curve (R 2 ϭ 0.968 and r ϭ Ϫ0.984) for all chicken parts combined.
DISCUSSION
Salmonella Typhimurium DT104 was used for standard curve development in this study because it has a phenotype that can be followed and enumerated in the presence of other microorganisms (13, 14) . The low prevalence of Salmonella Typhimurium DT104 on chickens (1) is an advantage for standard curve development because interference from indigenous Salmonella Typhimurium DT104 is a low probability and, in fact, was not observed (i.e., outliers) in the present study. However, the low prevalence of Salmonella Typhimurium DT104 on chickens is a disadvantage in mapping studies using naturally contaminated chickens, as a large number of samples would need to be analyzed to develop an accurate carcass map. Therefore, we plan on feeding Salmonella Typhimurium DT104 to chickens and then mapping its distribution on Cornish game hen carcasses, using the standard curve developed in this study. The success of future mapping studies with young chickens fed Salmonella Typhimurium DT104 is expected because Fedorka-Cray et al. (7) demonstrated that young chickens can be colonized with Salmonella Typhimurium DT104 after oral gavages.
Enumeration of bacteria, including Salmonella, by detection time during incubation of food samples is not new. In fact, Gibson (8) used a commercial impedance system (Bactometer) to enumerate MAR (rifampin-and nalidixic acid-resistant) strains of Salmonella Thompson, Stanley, and Infantis by DT in culture medium and pork slurries. Although commercial impedance systems are available that allow automated collection of DT data for liquid food samples, such as carcass rinse samples (6) , these systems are not configured, nor are they validated for incubation of solid food samples, such as bone-in chicken parts that were used in this study. In the study of Gibson (8) , the linear correlation in broth between N 0 and DT was Ϫ0.959 and in pork slurry was Ϫ0.935. In comparison, a linear correlation of Ϫ0.984 was obtained in current study between N 0 and DT for whole chicken parts by the drop-plate method. The negative correlation sign indicates an inverse relationship between N 0 and DT. Also, in the study of Gibson (8) , 95% of N 0 in broth were within Ϯ1 log of the standard curve, whereas 95% of N 0 for pork slurry were within Ϯ1.65 log of the standard curve. In the current study, 95% of N 0 for whole chicken parts were within Ϯ0.61 log of the standard curve. These results indicate that DT is variable among samples with the same N 0 , and that deviation of N 0 from the standard curve was less in the current study, which used a dropplate method for DT, than it was in the study of Gibson (8) , which used an impedance method for DT.
There are a number of reports of native microflora altering the growth of Salmonella during incubation of food samples (2, 15, 17) . For example, Beckers et al. (2) reported that final density of a nalidixic acid-resistant strain of Salmonella Typhimurium in BPW, with competitive microflora, ranged from 10 3 to 10 7 /ml. Variations in numbers and types of native microflora among chickens (i.e., trials) might help explain the variation of DT within a N 0 observed in the present study. Rather than ignore this biological variation, a standard curve was developed that included a 95% PI that provided stochastic projections for N 0 . By definition, the 95% PI should contain 95% of all future DT determined using the same method.
It has been demonstrated that a single 1-min rinse of a chicken carcass only recovers a small percentage of native bacteria (11) , and that recovery is improved by incubating the whole carcass for 24 h (5, 16) , which was done in the present study with whole carcass parts. Electron microscopy reveals that during poultry processing, a liquid film forms on the surface of the chicken carcass and becomes contaminated with bacteria from process waters (18) , and during immersion in communal baths, the skin swells and entraps bacteria in channels and crevices that form (10, 19, 20) . Continued detection of bacteria, including Salmonella, on repeated rinsing of the same carcass likely reflects continued recovery from the liquid film in skin crevices and channels. The impact of entrapped bacteria on DT in the current study was not evaluated. Nonetheless, use of the whole-part incubation method rather than the carcass rinse method in future mapping studies will facilitate the detection and enumeration of Salmonella entrapped in carcass skin and will result in more accurate carcass maps.
Sampling times to generate suitable DT curves (i.e., pixels per drop versus time) depend on the assay range, temperature of incubation, volume of incubation medium (i.e., BPW), and volume of sample that is drop plated onto XLH-CATS. In the current study, an incubation temperature of 40ЊC was used because it is the optimal growth temperature for Salmonella Typhimurium DT104 on chicken meat with native microflora (13, 14) , and an incubation volume of 300 ml was used because it was the minimum volume that provided adequate coverage of the chicken parts, which ranged in average weight from 36 to 80 g. Sampling times at hourly intervals from 1 to 8 h and at 24 h were found to generate suitable DT curves for an assay range of 10 0 to 10 6 Salmonella Typhimurium DT104, an incubation volume of 300 ml, and a drop-plate assay volume of 2 l. Effects of changes in the assay parameters (i.e., assay range, incubation volume, and drop volume) on the standard curve and its 95% PI were not examined. Nonetheless, the standard curve had high goodness of fit (R 2 ϭ 0.968) and a 95% PI (i.e., Ϯ0.61 log) that was less than the 95% PI for enumeration of MAR Salmonella by DT, using an impedance method (8) .
Future studies are planned with Cornish game hens obtained from commercial plants and at retail to use the enumeration method and sampling plan developed in this study to map the distribution of MAR strains of Salmonella Ty-phimurium DT104 and other MAR strains of Salmonella that are resistant to the four antibiotics (i.e., chloramphenicol, ampicillin, tetracycline, and streptomycin) used in the drop-plate agar medium (i.e., XLH-CATS). The method developed in this study can be incorporated into the traditional culture method for isolation of Salmonella by performing the drop-plate assay during the first 24 h of preenrichment in BPW and followed by isolation of Salmonella, using traditional selective enrichment and selective plating steps. If the growth kinetics and DT in BPW of strains detected and enumerated on naturally contaminated chickens differ significantly from those of the strain of Salmonella Typhimurium DT104 used to develop the standard curve in this study, then new standard curves would be developed and enumeration data corrected for those strains. A new standard curve may also be needed to properly enumerate MAR Salmonella on retail Cornish game hens, which are sold frozen, as freezing was previously found to increase both lag time and DT in conductance studies performed in meat and saline extracts (12) . Additional research is needed to determine the effect of freezing on the standard curve and its 95% PI.
